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Abstract
We investigate the effect of introducing a sequential generation of chiral fermions in the Higgs
Triplet Model with nontrivial mixing between the doublet and triplet Higgs. We use the avail-
able Large Hadron Collider data for Higgs boson production and decay rates, the constraints on
the fourth generation masses, and impose electroweak precision constraints from the S, T and U
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I. INTRODUCTION
The new Large Hadron Collider (LHC) data from ATLAS [1] and CMS [2] seems to
indicate a Higgs boson that may be consistent with the Standard Model (SM) one. Although
the statistics are not very strong yet, and more analyses are needed, the question on whether
the SM is the final theory still remains. In particular, the SM fails to explain observed
experimental phenomena such as neutrino masses, dark matter, or baryogenesis. One could
reasonably ask if the Higgs boson found at the LHC, even if finally shown to be consistent
with the SM predictions, could not possibly belong to a more complete theoretical scenario,
where the neutral Higgs signatures are consistent with the SM ones. This situation is akin
to requiring new physics scenarios to satisfy low energy precision measurements.
To test this hypothesis, we apply it to one of the simple generalizations of the SM, the
Higgs Triplet Model (HTM), to which a sequential generation of chiral fermions is added.
The addition of a fourth sequential generation of fermion doublets is a natural extension of
the SM (SM4) [3]. The model restricts fourth-generation quark masses to be not too large
to preserve perturbativity [4], and it does not conflict with electroweak precision observables
[3], as long as their mass differences are small [5]. Further limits on the fourth generation
fermion masses exist from direct searches at collider experiments such as the LEP, Tevatron,
as well as from the current LHC data.
There are many advantages of introducing an extra family of fermions:
• The fermions associated with the fourth generation could trigger dynamical elec-
troweak symmetry breaking [4] without a Higgs boson, and thus deal with the hier-
archy problem.
• Gauge couplings unification can in principle be achieved without supersymmetry [6].
• A new family might resolve SM problems in flavor physics, such as the CP-violation
in Bs-mixing [7]. While the electroweak precision data constrains the mass splitting
between the fourth generation quarks, data from B–meson physics constrain their
mixing pattern [8].
• A fourth generation could solve problems related to baryogenesis because an addi-
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tional quark doublet could contribute to an increase in the amount of of CP-violation
[9].
• A fourth generation extension of the SM would increase the strength of the electroweak
phase transition [10].
• A fourth generation neutrino can serve as a candidate for cold dark matter [11],
resolving this outstanding problem of the SM.
• New heavy fermions lead to new interesting effects due to their large Yukawa couplings
[12].
However, the SM4 scenario is severely constrained by the available data [8]. First, from
constraints on the invisible width of the Z boson at LEP, the number of light neutrinos is
Nν = 2.9840±0.0084 [13] and thus the fourth-family neutrino must be heavier than MZ/2,
assuming small mixing with the lighter SM leptons. A heavy charged lepton with a mass
mℓ′<100 GeV has also been excluded at LEP2 [13]. The Tevatron and now the LHC have
excluded light fourth generation quarks. Direct searches have been performed by both the
ATLAS and CMS Collaborations, with the CMS Collaboration putting the strongest bound
on the masses of degenerate fourth generation quarks, ruling out mq′ < 685 GeV at 95%
C.L. [14]∗. Updated bounds can also be extracted from an inclusive search done by the
CMS Collaboration for vector-like top partners at
√
s = 8 TeV [15]. Unitarity requirements
indicate that fourth generation fermions should not be extremely heavy, mq′ < 500 GeV
[17]. This bound is seen not as a limit, but as an indication that near the perturbative
unitarity bound strong dynamics takes place.
Strong constraints on SM4 can be also obtained from Higgs searches at the Tevatron and
the LHC. As the dominant mode for Higgs production at hadron colliders is through loop
induced gluon-gluon fusion, the Higgs–gluon–gluon vertex (hgg) is significantly enhanced
by new heavy coloured fermions of SM4 in the loop, which couple to the Higgs boson
proportionally to their mass. The enhancement in the production cross section can be
∗ In these experimental bounds, assumptions such as BR(b′ → tW ) or BR(t′ → bW ) = 1 are made; relaxing
them leads to slightly weaker bounds as discussed in e.g. [16]. Further softening of the constraints happen
for non-degenerate choice of masses for the up-type and down-type quarks of the fourth generation.
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approximated by a factor of
σ(gg → h)SM4
σ(gg → h)SM ≈ 9 [18]. Such a large enhancement would
certainly increase the event rates for a Higgs signal at experiments and therefore, non
observation of any signal helps in putting strong constraints on the Higgs boson mass in
SM4. The CDF and D0 experiments exclude a Higgs boson in this scenario for masses
124 GeV < mh < 286 GeV by considering mainly the gg → h → WW → 2ℓ2ν channel
[19]. The LHC experiments recently extended this exclusion limit up to mh≈600 GeV (at
99% CL) by exploiting also the gg→ h→ ZZ→ 4ℓ, 2ℓ2ν, 2ℓ2j search channels [20]. The
new data worsens the situation for SM4 [21, 22]. In addition, the limits on the low energy
phenomenology due to fourth generation fermions in SM4 has also been studied extensively
[23, 24].
While there have been many extensive studies of the SM4, there are few analyses of
BSM scenarios with four generations (see however [25–27]). The reason is that the fourth
generation typically imposes severe restrictions on the models. In particular, there are
difficulties in incorporating a chiral fourth family scenario into any Higgs doublet model,
such as the MSSM [28]. It was initially shown that due to the large masses for the fourth
generation quarks and large Yukawa couplings, there are no values of tanβ =
vu
vd
> 1 for
which the couplings are perturbative to the Grand Unification Scale. One would need to
invoke different couplings, such as one Higgs doublet only coupling to the fourth generation
[27]. (However, this condition does not apply to vector-like quarks [29].) However the
MSSM with four generations has received some more attention [30], as it was shown that for
tan β ≃ 1 the model exhibits a strong first order phase transition [31]. Four generations can
be incorporated naturally into warped spacetime model [32], seen as perhaps a particular
example of composite Higgs, models where the Higgs boson emerges as a condensate of the
fourth generation fermions [33].
Given the serious shortcomings of SM4, we chose to explore the possibility of a four
generation model in a simple extension of the SM, the Higgs Triplet Model [34]. This
framework which we have chosen to call HTM4, has immediately two advantages:
1. Unlike Higgs doublet models, there are no problems with Yukawa couplings arising
from the ratio of the two doublet vacuum expectation values (VEVs), and thus some
of the problems with perturbativity are softened;
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2. The Higgs Triplet Model is the simplest scenario to allow for neutrino masses through
type-II seesaw mechanism [35].
Additionally, we will show that, for small mass splittings within the Higgs multiplets and the
additional fermion family, the model satisfies precision conditions on the oblique parameters.
We explore whether one of the neutral CP-even Higgs with mass ∼ 125 GeV in the HTM4
could be consistent with the Higgs signals at the LHC.
Our paper is organized as follows. In Section II we describe briefly the Higgs Triplet
Model with nontrivial mixing and including a fourth generation. We include the oblique
corrections and the restrictions imposed on the model in Section III. Our analysis of the
parameter space, including collider and precision electroweak constraints, is discussed in
Section IV while we present our results in Section V . We summarize and conclude in Section
VI. Additional formulas for production and decay of the Higgs boson(s) are provided in the
Appendices (VIII).
II. THE HIGGS TRIPLET MODEL WITH 4 GENERATIONS
The scalar sector of the HTM4 is composed of one isospin doublet field Φ with hyper-
charge YΦ = 1 and one triplet field ∆. It is customary to choose the triplet to be a complex
field with hypercharge Y∆ = 2.
† The electric charge is defined to be Q = T3L+ Y2 , with T3L
the third component of the SU(2)L isospin. The scalar fields Φ and ∆ can be parameterized
as a 1× 2 column, and a 2× 2 matrix, respectively:
Φ =

 ϕ+
1√
2
(ϕ+ vΦ + iχ)

 , ∆ =

 ∆+√2 ∆++
∆0 −∆+√
2

with ∆0 = 1√
2
(δ + v∆ + iη), (1)
where vΦ and v∆ are the VEVs of the doublet Higgs field and the triplet Higgs field,
respectively, which satisfy v2 ≡ v2Φ + 2v2∆ ≃ (246 GeV)2.
The terms in the Lagrangian relevant for Higgs interactions are given by
LHTM = Lkin + LY − V (Φ,∆), (2)
† A real field with hypercharge Yχ = 0 is also possible:
χ =


χ+
χ0
χ−

with χ
0 =
1√
2
(χ+ vχ + iη).
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where Lkin, LY and V (Φ,∆) are the kinetic term, Yukawa interaction and scalar potential,
respectively. The kinetic term for the Higgs fields is
LkinΦ,∆ = (DµΦ)†(DµΦ) + Tr[(Dµ∆)†(Dµ∆)], (3)
where the covariant derivatives are defined as
DµΦ =
(
∂µ + i
g
2
τaW aµ + i
g′
2
Bµ
)
Φ, Dµ∆ = ∂µ∆+ i
g
2
[τaW aµ ,∆] + ig
′Bµ∆. (4)
The fermion composition of the model is augmented by an extra generation of quarks and
leptons (SU(2)L doublets and right-handed singlets):
Q4L =

 t′
b′


L
, t′R, b
′
R; L
4
L =

 ντ ′
τ ′


L
, τ ′R, ν
′
R. (5)
The Yukawa interaction for the Higgs fields is given by
LY = −
[
Q¯iLY
ij
d Φd
j
R + Q¯
i
LY
ij
u Φ˜u
j
R + L¯
i
LY
ij
e Φe
j
R + L¯
′
LYν′Φ˜ν
′
R + h.c.
]
+ hijLicL iτ2∆L
j
L + h.c., (6)
where Φ, Φ˜ = iτ2Φ
∗, Yu,d,e,ν′ are 4×4 complex matrices, and hij is a 4×4 complex symmetric
Yukawa matrix. The triplet field ∆ carries lepton number 2. The most general form of the
Higgs potential involving the doublet Φ and triplet ∆ under the gauge symmetry is given
by [36]
V (Φ,∆) = m2ΦΦ
†Φ +M2Tr(∆†∆) +
[
µΦTiτ2∆
†Φ + h.c.
]
+
λ
4
(Φ†Φ)2
+ λ1(Φ
†Φ)Tr(∆†∆) + λ2
[
Tr(∆†∆)
]2
+ λ3Tr[(∆
†∆)2] + λ4Φ
†∆∆†Φ, (7)
where mΦ andM are the mass-dimension real parameters, µ is the lepton-number violating
parameter of mass-dimension (which can be complex but is taken to be real here), and λ,
λ1-λ4 are dimensionless real coupling constants.
From the stationary conditions at the vacuum for (vΦ, v∆), we obtain
∂V (Φ,∆)
∂vΦ
= 0,
∂V (Φ,∆)
∂v∆
= 0
yielding conditions for m2Φ,M
2:
m2Φ =
1
2
[
−v
2
Φλ
2
− v2∆(λ1 + λ4) + 2
√
2µv∆
]
, (8)
M2 =M2∆ −
1
2
[
2v2∆(λ2 + λ3) + v
2
Φ(λ1 + λ4)
]
,with M2∆ ≡
v2Φµ√
2v∆
, (9)
which can be used to eliminate m2Φ and M
2. The mass matrices for the scalar bosons can
be diagonalized by rotating the scalar fields as

 ϕ±
∆±

 =

 cos β± − sin β±
sin β± cos β±



 w±
H±

 ,

 χ
η

 =

 cos β0 − sin β0
sin β0 cos β0



 z
A

 ,

 ϕ
δ

 =

 cosα − sinα
sinα cosα



 h
H

 , (10)
where we defined the mixing angles
tanβ± =
√
2v∆
vΦ
, tanβ0 =
2v∆
vΦ
, tan 2α =
4v∆
vΦ
v2Φ(λ1 + λ4)− 2M2∆
v2Φλ− 2M2∆ − 4v2∆(λ2 + λ3)
. (11)
In addition to the three Goldstone bosons w± and z which give mass to the gauge bosons,
there are seven physical mass eigenstates H±±, H±, A, H and h. The masses of these
physical states are expressed in terms of the parameters in the Lagrangian as
m2H++ = M
2
∆ − v2∆λ3 −
λ4
2
v2Φ, (12)
m2H+ =
(
M2∆ −
λ4
4
v2Φ
)(
1 +
2v2∆
v2Φ
)
, (13)
m2A = M
2
∆
(
1 +
4v2∆
v2Φ
)
, (14)
m2H =M211 sin2 α +M222 cos2 α−M212 sin 2α, (15)
m2h =M211 cos2 α +M222 sin2 α +M212 sin 2α, (16)
whereM211,M222 andM212 are the elements of the mass matrixM2ij for the CP-even scalar
states in the (ϕ, δ) basis which are given by
M211 =
v2Φλ
2
, (17)
M222 = M2∆ + 2v2∆(λ2 + λ3), (18)
M212 = −
2v∆
vΦ
M2∆ + vΦv∆(λ1 + λ4). (19)
The masses of the W and Z bosons are obtained at the tree level as
m2W =
g2
4
(v2Φ + 2v
2
∆), m
2
Z =
g2
4 cos2 θW
(v2Φ + 4v
2
∆). (20)
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The electroweak ρ parameter is defined at tree level as
ρ ≡ m
2
W
m2Z cos
2 θW
=
1 +
2v2∆
v2Φ
1 +
4v2∆
v2Φ
. (21)
As the experimental value of the ρ parameter is near unity, v2∆/v
2
Φ is required to be much
smaller than unity at the tree level. Note in fact than in the HTM4 the ρ parameter is less
than 1, which may contradict the PDG fit [13] ρ0 = 1.0008
+0.0017
−0.0007 obtained from a global fit
including the direct search limits on the standard Higgs boson. However at the 2σ level,
ρ0 = 1.0004
+0.0029
−0.0011, [13], which is compatible with δρ < 0. Relaxing the direct limit on the
Higgs mass yields ρ0 = 1.0008
+0.0017
−0.0010, again compatible with δρ < 0, which implies an upper
bound on v∆ of order 2.5−4.6 GeV. Thus a v∆ ∼ O(1) GeV would safely fit the constraints.
Barring accidental cancellations, the mixing angles are small, the state h behaves mostly
as the SM Higgs boson, while the other states are almost entirely components of the triplet
field. Note that the smallness of v∆/vΦ insures that the mixing angles β± and β0 are close to
0, but given the complex expression defining it, it is worthwhile to note that α, the mixing
angle between the doublet and triplet neutral Higgs bosons remains undetermined [37].
In the HTM4, tiny Majorana neutrino masses are generated by the Yukawa interaction
with the VEV of the triplet field, which is proportional to the lepton number violating
coupling constant µ as
(mν)ij =
√
2hijv∆ = hij
µv2Φ
M2∆
. (22)
If µ ≪ M∆ the smallness of the neutrino masses are explained by the type II seesaw
mechanism.
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III. OBLIQUE CORRECTIONS
The contributions to the oblique parameters can in general be written as
S =
4c2Ws
2
W
αem
[
Π1PIγγ (m
2
Z)−Π1PIγγ (0)
m2Z
+
c2W − s2W
cWsW
Π1PIZγ (m
2
Z)− Π1PIZγ (0)
m2Z
− Π
1PI
ZZ (m
2
Z)− Π1PIZZ (0)
m2Z
]
,
T =
1
αem
[
Π1PIZZ (0)
m2Z
− Π
1PI
WW (0)
m2W
+
2sW
cW
Π1PIZγ (0)
m2Z
+
s2W
c2W
Π1PIγγ (0)
m2Z
]
,
U =
4s2W
αem
[
s2W
Π1PIγγ (m
2
Z)−Π1PIγγ (0)
m2Z
+ 2cWsW
Π1PIZγ (m
2
Z)− Π1PIZγ (0)
m2Z
+ c2W
Π1PIZZ (m
2
Z)− Π1PIZZ (0)
m2Z
−Π
1PI
WW (m
2
W )− Π1PIWW (0)
m2W
]
(23)
The expressions for Π1PIZZ (p
2),Π1PIZγ (p
2),Π1PIWW (p
2) and Π1PIγγ (p
2) for the HTM are given in
terms of Passarino-Veltman functions in Appendix B of ref. [38], and the the contributions
to the oblique corrections due to the sequential fourth generation can be found in ref. [39].
Note that both the new scalar sector (with nontrivial mixing amongst themselves and its
modified couplings to the weak gauge bosons) and the fourth generation fermions will lead to
significant and nonvanishing contributions to the oblique electroweak corrections. It is well
known that in the limit of degenerate isospin multiplets (in this case the fourth generation
family of leptons and quarks) there is a positive contribution ∆S = 0.21 which can now
significantly be altered once the HTM contributions are included. In fact, as we show later
through our analysis, the HTM contributions cancel the large positive contributions coming
from the fourth generation even with the degeneracy not lifted between the isodoublets.
We also find that a large mass splitting in the fermion isodoublets which would otherwise
have not been preferred because of the large ∆T corrections can still be allowed once the
HTM and SM4 contributions are combined.
IV. ANALYSIS FRAMEWORK
The main motivation in this analysis is to salvage the fourth generation chiral fermions.
The HTM4 model contains, in addition to the SM particle content, a complex triplet
scalar along with a sequential fourth generation of chiral fermions. The free parameters in
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the theory are the fourth generation fermion masses (we neglect the CKM mixings), the
independent coefficients in the potential of the Higgs sector (see Eq. 7) and the VEV’s
for the neutral components of the scalar multiplets. To limit the available number of
parameters we have used the various constraints on the coefficients of the Higgs potential
(Section VIIIB). This reduces the effective number of free parameters. In addition, we
consider both the masses of τ ′ and ντ ′ to be fixed at 250 GeV. The reason is the following:
the strongest constraint on the fourth generation lepton masses comes from the Z-boson
width, forcing the fourth neutrino to be heavier than MZ/2. The most stringent bounds
on the fourth generation lepton masses come from L3 at LEP [40], obtained from e+e−
collisions at
√
s = 200 GeV:
ml′ > 110.8 GeV, mν′ >

 90.3 GeV for Dirac ν80.5 GeV for Majorana ν, (24)
rendering our choice of parameters quite conservative. We also note that large electroweak
corrections for the h → gg decay mode can be moderated to small values with the above
choice (or lower) of the fourth generation lepton masses [41].
The method of our analysis is roughly based on the following steps. Using HIGLU [42],
we calculate the NNLO cross sections for Higgs production in the gluon fusion channel,
obtained by varying the fourth generation quark masses between 550 GeV and 750 GeV.
Our choice of masses is based on the results of searches by CMS and ATLAS. But we
allow for a softening of the limits as these are obtained using SM4 specific assumptions.
Direct searches at ATLAS and CMS always assume that a single specific decay has 100%
branching ratio, usually t′ → bW and b′ → tW . While constraints on the mixing between
the first and second generations with the fourth generation can be extracted from flavor-
changing neutral current bounds in K0 − K¯0 and D0 − D¯0, the size of the CKM4 matrix
elements is still allowed to be larger than the smallest matrix elements in the usual CKM
matrix [43], |Vub′|, |Vt′d|, |Vcb′| <∼ 0.04. Additionally, the mixing between the third and
fourth generations is very weakly constrained, as there is a weak limit from the single top
production, |Vtb| > 0.89±0.07 [13], and this bound is stronger than that obtained using the
electroweak precision data. Though, while it seems likely that the fourth generation quarks
will decay into the third generation, this need not be so, and not with 100% branchings,
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which would modify the limits on the masses. The fourth generation fermions can also
decay to a Higgs boson via flavour violating couplings to Higgs, which can be introduced
by including certain higher dimensional operators [44]. This can further lead to weakening
of the constraints on the fourth generation quark masses. These considerations allow us to
vary the mass of fourth generation quarks from values much below the current experimental
bounds, which assume very specific decay patterns for the heavy quarks in their analyses.
We find the (gluon fusion) production cross section to be ∼ 195 pb (∼ 153 pb) at 8 TeV
(7 TeV) which is about a factor of 10 larger than its SM expectation. This enhancement
is known, and is one of the reasons why the fourth generation chiral fermions is ruled
out without additional new physics effects. Next, we calculate the decay widths of the
Higgs boson in its various decay modes using HDECAY [45]. Here also we vary the masses of
the fourth generation quark masses in the 550-750 GeV range. We include the electroweak
corrections (EW) coming from the fourth generation contributions in all the tree level decay
processes as well as the loop induced gluon mode. However we have chosen to ignore the
electroweak corrections to h→ γγ, Zγ decay widths in our analysis, as there are additional
particles (H± and H±±) contributing in the loop and therefore the EW contributions will
be severely altered from what is computed in the literature. While the electroweak radiative
corrections to the gg → h process are significant [21], for a specific choice of fermion masses,
mb′=mt′ + 50 GeV =mℓ′=mν′ ∼ 600 GeV, they lead to an increase (decrease) of the cross
section at low (high) Higgs masses, Mh≈120 (600) GeV, by ≈ 12% [43]. We also note that
the EW corrections in the gg → h mode can be kept within 5% with appropriate choice
for the mass of the fourth generation leptons [41]. However, for the decays h → f f¯ and
h → V V , the O(GFm2f ′) terms, implemented by multiplying the couplings ghXX by the
electroweak correction term 1 + δXew has been included in HDECAY [45, 46]. Results from
the precise calculations indicate that the approximation of including only the leading terms
also works very well in this case [21].
We then separately scan the parameter space including the Higgs and the electroweak
sector. We impose the existence of a boson of mass ∼ 125 GeV, consistent with the particle
discovered at the LHC, and which has properties similar to the SM Higgs (whether it is
the SM Higgs or not will only be revealed by knowing its properties to a more accurate
extent). In our model, which has two CP-even neutral scalar Higgs bosons, we constrain
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the mass of one of these to be in the range 123-127 GeV. We keep this small window in
the mass in order to account for the uncertainties in the mass measurements in the various
channels of the Higgs decay. We constrain the second CP-even neutral Higgs to be in the
range 97-99 GeV. Our inspiration in choosing a Higgs boson of such a mass is the 2.3σ
excess seen at 98 GeV by LEP [47, 48], which has still not been ruled out experimentally
and is outside LHC and Tevatron sensitivity. From the parameters v∆, µ, λ, λ1, λ2, λ3 and
λ4, we can calculate the masses of the two neutral CP-even Higgs bosons, mh and mH , the
CP-odd Higgs, mA and of the four charged Higgs bosons, mH± and mH±± . From the above
parameters we also obtain the four mixing angles, β0, β± and α. (See Section VIIIA where
we give the formulas relating the above seven parameters to the Higgs masses and the four
mixing angles). To reduce the enhanced cross section of the Higgs (h) production in the
gluon fusion channel, we let cos2 α vary between 1/12 and 1/2‡. In addition, we let both µ
and λ to vary, such that the constraints on their magnitudes (as given in section VIIIB)
are satisfied. We allow λ1 to vary around a small positive number, but do not impose an
upper bound. We apply a simplifying assumption by choosing λ2 = λ3. Also, we choose
negative values of λ4, yielding the mass hierarchy mH±± > mH±. (Should we have chosen
λ4 to be positive, we would have obtained a different hierarchy in the masses of the charged
Higgs bosons).
To check with the current Higgs data and see what portion of the parameter space is
allowed, we construct the theoretical signal strength in the ith channel as defined below:
µi =
Rprodi × Rdecayi
Rwidth
(25)
where µi is the theoretically computed signal strength and Rprodi , R
decay
i and R
width are the
factors modifying the production cross section, decay width in the ith channel and the total
decay width respectively. The signal strengths provided by the experimental collaborations
are given by µˆi = σobsi /σ
SM
i , with their 1σ uncertainties given by σi. Here σ
obs
i denotes the
observed signal cross section for a particular Higgs mass, whereas σSMi is the signal cross
section for an SM Higgs boson of the same mass. In order to obtain µi for each decay
‡ Naively one might expect that a cos2 α ∼ 1/10 will compensate for the O(10) enhancement in the gluon-
fusion initiated cross section. But as is evident from some of the decay widths, the α enters in a nontrivial
manner and not just as an overall cos2 α factor. Hence, we keep this range instead of a single fixed value
because our aim is to ensure that the value of σ× Branching ratio (BR) is close to its SM counterpart.
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channel, we compute the modifications in the production cross sections from the various
modes, the modifications in the partial decay widths in the various channels, as well as the
change in the total decay width. The modifications in the production cross sections are as
follows:
• The modification in the gluon fusion production channel, RGF is a function of the
masses of the fourth generation chiral fermions and the mixing angle α.
• The factors modifying the production cross sections in the weak boson fusion channel
or in the associated production mode, viz. RV BF , RWH and RZH are functions of vφ,
v∆ and α.
• The modification in the tt¯h production mode, Rtt¯h = cos2 α.
Similarly, the factors modifying the decay widths are:
• Rh→γγ =
∣∣∣∣ ∑
f=t,b,τ,t′,b′,τ ′
Nfc Q
2
f ghffA
h
1/2
(τf )+ghWWA
h
1 (τW )+ghH± H∓A
h
0 (τH±)+4ghH±±H∓∓A
h
0 (τH±± )
∣∣∣∣
2
∣∣∣∣ ∑
f=t,b,τ
Nfc Q
2
f ghffA
h
1/2
(τf )+ghWWA
h
1
(τW )
∣∣∣∣
2
Please see section VIIIA 1 for more details on the formulas.
• Rh→ZZ∗ = (vφ cosα + 4v∆ sinα)2/v2.
• Rh→WW ∗ = (vφ cosα+ 2v∆ sinα)2/v2.
• After computing the fermionic decay widths using HDECAY by varying the fourth
generation quark masses, we further modify them by a factor (cosα/ cosβ±)2. We
then divide these by the corresponding SM decay widths to obtain Rh→bb¯ and Rh→τ τ¯ .
• We also compute Rh→gg, Rh→µ+µ−, Rh→cc¯, Rh→ss¯ and Rh→Zγ in order to compute
Rwidth, i.e. the modification in the total decay width of h.
After constructing the µis for the full parameter space, we compare these with the 2σ
allowed ranges of µˆi as given by the experimental collaborations (see Table I)§. This gives
§ We deliberately avoid an involved statistical analysis (such as χ2) because of the large number of param-
eters and limited number of data points as we have only considered the inclusive signal strengths (apart
from the bb¯ channel where the results correspond to the associated production mode only) for the various
channels given by ATLAS and CMS [49].
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us a reduced parameter space. We then proceed to check if this reduced parameter space
satisfies the S, T and U bounds within the 1σ uncertainty limits [50]. For consistency, we
have checked our results for oblique parameters against that in the SM [51]. We performed
our analysis for two benchmark values of v∆ (v∆ = 1, 3 GeV). We found that, after imposing
all conditions, we could not find any surviving parameter points for v∆ = 1 GeV within the
1σ range for ∆S and ∆T combined, although a significant region is allowed by the Higgs
data. Thus the model is restricted to larger values of v∆. However we find that at 3σ
allowed ranges of ∆S and ∆T , lower values of v∆ ≃ 1 GeV could still give us an allowed
region in the parameter space. Thus we may claim that our choice for the allowed range in
the S, T and U planes for oblique corrections is slightly more restrictive.
We must add that in our analysis, we took the same cut-efficiencies for all the production
channels while computing the signal strengths. This should not affect our results as the
cross section coming from the gluon-fusion production mode dominates significantly over the
other production modes. The following formulas were used in combining the theoretically
computed µi values for the Wh→ lνbb¯, Zh→ l+l−bb¯ and Zh→ νν¯bb¯:
1
σ¯2
=
∑
i
1
σ2i
,
µ¯
σ¯2
=
∑
i
µi
σ2i
. (26)
These yield the combined 1σ uncertainties and the combined signal strengths. Since the
experimental collaborations have reported a single signal strength for the h → bb¯ channel
in the associated production mode, such combinations have to be included.
V. RESULTS
We now present our results for the parameter scan of the HTM4 which is consistent with
the Higgs data and the oblique correction constraints. We find that there is a significant
region in the parameter space which ensures that the otherwise constrained model for fourth
generation chiral fermions is still allowed if we consider the effects of a triplet Higgs sector,
provided it has a nontrivial mixing with the scalar doublet in the SM. We have illustrated
our results through some scatter plots for the various coefficients of the scalar potential
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Channel µˆ Experiment Energy in TeV (Luminosity in fb−1)
h→ γγ 1.55+0.33−0.28 ATLAS 7 (4.8) + 8 (20.7)
h→ γγ 0.78+0.28−0.26 CMS 7 (5.1) + 8 (19.6)
h
ZZ∗−−−→ 4l 1.43+0.40−0.35 ATLAS 7 (4.6) + 8 (20.7)
h
ZZ∗−−−→ 4l 0.93+0.29−0.25 CMS 7 (5.1) + 8 (19.7)
h
WW ∗−−−−→ 2l2ν 0.99+0.31−0.28 ATLAS 7 (4.6) + 8 (20.7)
h
WW ∗−−−−→ 2l2ν 0.72+0.20−0.18 CMS 7 (4.9) + 8 (19.4)
h→ bb¯ 0.20+0.70−0.60 ATLAS (VH) 7 (4.7) + 8 (20.3)
h→ bb¯ 1.00+0.50−0.50 CMS (VH) 7 (5.1) + 8 (18.9)
h→ τ τ¯ 1.4+0.50−0.40 ATLAS 8 (20.3)
h→ τ τ¯ 0.78+0.27−0.27 CMS 7 (4.9) + 8 (19.7)
h
WW ∗−−−−→ 2l2ν 1.4+0.70−0.60 ATLAS (VBF) 7 (4.6) + 8 (20.7)
h
WW ∗−−−−→ 2l2ν 0.62+0.58−0.47 CMS (VBF) 7 (4.9) + 8 (19.4)
TABLE I. Data set used in our analysis, with the values of µˆi in various channels and their 1σ
uncertainties as reported by the ATLAS [52, 53] and CMS collaborations [54–57].
giving rise to the aforementioned nontrivial mixing in the Higgs sector and gives us a ∼ 125
GeV scalar consistent with the LHC data. In Fig. 1, we show the allowed parameter space in
the λ4−λ, λ4−µ and µ−λ planes, for mt′ , mb′ lying in the region 550−600 GeV. Note that
although our scan over the fourth generation quark masses is between 550− 750 GeV, the
Higgs data seems to constrain more severely the fourth generation quark mass above 600
GeV, at least within the 2σ uncertainty limits of all respective µˆi. This is found to happen
because the EW corrections to the h→ ZZ∗,WW ∗ reduce the branching fractions of these
modes by a large amount for higher values of the quark masses, which therefore affects
the Higgs data significantly. We therefore allow for a 3σ deviation in the experimentally
observed signal strengths and find that we do get a viable region in the parameter space
for the higher values of the fourth generation quark masses.
We must note that, in all of these plots, the other parameters are also varied. This
way, we have shown the projection of the allowed parameter space in the above three
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FIG. 1. Scatter plots for the allowed regions in the parameter space : λ4 as a function of λ (top
left); λ4 as a function of µ (top right); µ as a function of λ (bottom). The full shaded (red+green)
regions are allowed by the Higgs data while only the green region is allowed by the S, T and U
constraints at 1.25σ. In all the plots, apart from the axes shown, all the other parameters were
also varied over their allowed ranges. Note that we varied mt′ ,mb′ ≃ 550 − 600 GeV while higher
masses were disallowed from the Higgs data within 2σ standard deviations.
planes. We find that λ has an allowed range of 0.35-0.37 and µ has an approximate allowed
range of 0.96-1.03, when we consider the 2σ Higgs data constraints (as explained in the
previous section). On the other hand, given our choice of negative λ4, the allowed region
from the Higgs data varies between −0.6 and −0.2. But as we can see from each of these
plots, when we calculate the oblique corrections in the HTM4 model and impose the S,
T and U constraints at 1.25σ¶ deviations from the respective central values, the allowed
¶ We find that for 1σ constraints in S, T and U , we do not get any viable parameter points which also
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FIG. 2. Scatter plots for the allowed regions in the parameter space : λ4 as a function of λ (top left);
λ4 as a function of µ (top right); µ as a function of λ (bottom). The full shaded (red+green) regions
are allowed by the Higgs data while only the green region is allowed by the S, T and U constraints
at 1σ. In all the plots, apart from the axes shown, all the other parameters were also varied over
their allowed ranges. In all the plots, apart from the axes shown, all the other parameters were
also varied over their allowed ranges. Note that here we have varied mt′ ,mb′ ≃ 550 − 750 GeV
while the allowed region from the Higgs data was increased to lie within 3σ errors.
region reduces considerably. It is worth noting that we have been conservative in allowing
only 1.25σ deviation in ∆S and ∆T values, and that we are still able to achieve a viable
parameter space with larger mass splittings in the fourth generation quark masses allowed
by oblique corrections when compared to the conventional SM4. In fact, we find that
for non-degenerate masses for ντ ′ and τ
′ (allowing them to have a certain mass splitting)
it is possible to obtain a significantly larger parameter space still allowed by the oblique
satisfy the Higgs data within 2σ standard deviations.
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FIG. 3. Scatter plots for the allowed regions in the parameter space: sinα as a function of λ (left);
sinα as a function of µ (right). The blue shaded regions are allowed by the Higgs mass constraints,
the red shaded regions are then allowed by the Higgs data (3σ) while the green shaded regions are
then allowed by the S,T and U constraints (1σ). In both the plots, apart from the axes shown, all
the other parameters were also varied over their allowed ranges.
parameter constraints. So, apart from varying the fourth generation quark masses, we could
in principle have varied the fourth generation lepton masses also (while keeping the EW
corrections small) and obtained a larger parameter space.
If we increase the masses of the fourth generation quarks by allowing them to now vary in
the region 550−750 GeV, the region of the parameter space that survives oblique corrections
(1σ) and the Higgs data (3σ) changes. In Fig. 2, we revisit the allowed parameter space
in the λ4 − λ, λ4 − µ and µ− λ planes for heavier fourth generation masses. As before, in
all of these plots the other parameters are also varied. Thus the projection of the allowed
parameter space in the above three planes shows that λ has an allowed range extending
beyond 0.37 and µ has an approximate allowed range of 0.94-1.06, when we consider the
Higgs data constraints to lie within 3σ errors. We also find viable regions of the parameter
space with S, T and U constraints now at only 1σ.
As the survival of the fourth generation quarks in the current framework is closely related
to the nontrivial mixing in the neutral scalar sector of our model, it becomes imperative
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to consider the allowed values of the mixing angle (α) which also satisfies the various
constraints. In Fig. 3, we show the allowed parameter space in the sinα-λ and sinα-
µ plane. Even though α is a function of λ and µ (see Eq. 11), these plots help us to
emphasize the importance of α. As discussed before, we not only require α to suppress
the hugely enhanced cross section of the Higgs production from gluon fusion, but α also
determines the mass spectrum for the neutral scalars. Note that the scalar mass spectrum
consistent with a ∼ 125 GeV Higgs boson is allowed over a range of sinα lying between
∼ 0.7− 0.95. We find this a good place to discuss the features of the scalar mass spectrum
that we obtain in our scan over the parameter space for v∆ = 3 GeV. Note that we have
already specified the requirement for the mass of the two CP-even neutral scalars to be
mH ∼ 97 − 99 GeV and mh ∼ 123 − 127 GeV (Section IV). The other scalars in the
model are the pseudoscalar, singly and doubly charged scalars. For most of the allowed
parameter values, the pseudoscalar has mass in the range 116 ≤ mA ≤ 123 GeV as it
has a linear dependence on the choice of µ, once the VEVs are fixed. The choice of λ4
already decides the mass hierarchy for the charged scalars. The singly charged scalars lie
within the mass range of ∼ 118−214 GeV while the doubly charged scalars are in the mass
range of ∼ 125 − 276 GeV when satisfying the Higgs mass constraints. We find that sinα
ranges roughly between 0.85-0.93 (red region) solely from the Higgs data. This means that
cos2 α varies between 0.14-0.28. The allowed spectrum shrinks considerably once the oblique
parameter corrections are included, yielding the modified ranges for the charged scalars as
mH± ∼ 152 − 170 GeV and mH±± ∼ 178 − 208 GeV. This range features in the plots for
mass splittings in Fig. 4 and with slight variations (because of the weaker constraints being
used from Higgs data) in Fig. 5. The other notable parameters that are worth mentioning
are λ1 which prefers a large value to allow for large mixing in the neutral scalars, while
values of 0 < λ2,3 < 5 are preferred for the final allowed regions illustrated in our plots. It
is worth pointing out that the triplet multiplet will require a very weak Yukawa coupling
to the lepton doublets (since v∆ is large) to generate the tiny neutrino masses (see Eq. 22),
and therefore the doubly-charged scalars in the model will not have the usual dominant
leptonic decay modes which has been extensively used by experimentalists to put limits
on their mass, while the singly-charged Higgs bosons masses are within their experimental
limits [13]. This ensures that the mass spectrum we obtain is safe from existing collider
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FIG. 4. Contour plots for ∆S (left) and ∆T (right) with mt′ −mb′ and mH±± −mH± varied. We
vary mt′ ,mb′ ∼ 550− 600 GeV which is consistent with Higgs data within errors of 2σ. The color
index at the right side of each plot shows the variation of ∆S (left) and ∆T (right).
limits on such scalars. A detailed analysis of the collider signals for such scalars is left for
future work.
Both the fourth generation fermions and the Higgs bosons in this model (HTM4) sig-
nificantly affect the oblique corrections through their contributions to the self energies of
the gauge bosons. We highlight the mass splittings for the fourth generation quarks and
the charged scalars in the model which give a parameter space that respects the Higgs data
limits as well as the constraints from the oblique corrections. Note that for our analysis,
we have assumed degenerate fourth generation leptons (mτ ′ = mν′ = 250 GeV). We il-
lustrate our findings through the contour plots of ∆S and ∆T in the plane of mt′ − mb′
versus mH±± − mH± (see Fig. 4 and Fig. 5). The colour coded index in each case shows
the values of ∆S (for the left curve) and ∆T (for the right curve). The results are plot-
ted for mt′ , mb′ ∼ 550 − 600 GeV in Fig. 4, and for mt′ , mb′ ∼ 550 − 750 GeV in Fig. 5.
While in Figs. 1 and 2, the parameter space varied only slightly when increasing the fourth
generation masses, the change is much more noticeable in here, where a larger region of
the parameter space survives for mt′ , mb′ ∼ 600 − 750 GeV. An interesting feature to note
is that even though the contributions in HTM4 for ∆S is found to be only positive, the
contributions of the model in ∆T is found to be both positive and negative. The negative
contributions to the ∆T come from the bosonic loops and from the extended scalar sector,
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FIG. 5. Contour plots for ∆S (left) and ∆T (right) with mt′ −mb′ and mH±± −mH± varied. We
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index at the right side of each plot shows the variation of ∆S (left) and ∆T (right).
with the non trivial mixing also playing a significant role. From the plots, we find that mt′
can be either greater than or less than mb′ for the allowed parameter space. On the other
hand, mH±± is always greater than the mH±, due to our original choice requiring λ4 to be
negative. Clearly we find that a larger mass splitting is allowed in HTM4 when compared
to the SM4 which is disfavoured from Higgs data alone.
Note that the mixing angle α will suppress the production cross section of the ∼ 125 GeV
Higgs boson in the V BF and V H channels. Although, these channels, when considered
inclusively along with the gluon fusion channel are subdominant, we check the rates for
them against the values shown in Table I for a representative point which has passed all the
constraints discussed earlier. For the point sinα ≈ 0.87, λ = 0.365, µ = 1.0, λ4 = −0.79,
mt′ = 600 GeV,mb′ = 650 GeV in the parameter space, we find that
[σ×BR]SM4+tripletV BF
[σ×BR]SMV BF
≃ 0.062
in the WW ∗ channel (2.11σ away from the combined central value of ATLAS and CMS)
and
[σ×BR]SM4+tripletV H
[σ×BR]SMV H
≃ 0.243. in the bb¯ channel (1.16σ away from the combined central value
of ATLAS and CMS). In fact we find that for all the STU passed points, the V BF signal
strengths for the WW ∗ channel are within ∼ 2.15σ while the V H signal strengths for the
bb¯ channel are within ∼ 1.35σ from their respective experimental signal strengths.
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VI. SUMMARY AND CONCLUSION
An extension of the SM by a fourth sequential generation of quarks and leptons is
one of the simplest beyond the SM scenarios. The fourth generation rectifies some of
the shortcomings of the SM, and in particular, it provides a dark matter candidate, ν ′.
Electroweak precision measurements (oblique and non-oblique corrections) favour small
mass splittings between the fourth generation quarks, mt′−mb′ < MW , and flavor violating
decays are restricted by the structure of the 3× 3 CKM matrix.
However, for all its nice features, the fourth generation has all but been abandoned. This
is mainly due to two experimental inputs. First, discovery of the Higgs boson and recent
measurements of the Higgs production cross section and decay rates disfavor the SM with
four generations. The Higgs production through gluon fusion is enhanced by the presence of
new, SU(3)c interacting heavy particles, rendering it inconsistent with experimental results
associated with the Higgs boson at ∼ 125 GeV. Second, direct limits on the masses of
fourth generation quarks, all assuming that the decays t′ → Wb and b′ → Wt have 100%
branching ratios, have pushed limits on the fourth generation quark masses into the 700-800
GeV region. This has serious implications on Yukawa couplings, with perturbativity of the
couplings in serious jeopardy.
In this work we show that, relaxing the single Higgs boson requirement and slightly
relaxing the experimental bounds (that is, allowing for alternative decays of the fourth
generation fermions) saves the fate of the fourth generation. We choose to work in the
Higgs Triplet Model, where the neutral triplet Higgs state is allowed to mix non trivially
with the SM doublet Higgs state. Unlike in Two Higgs Doublet models, in this model
the Yukawa couplings are not proportional to the ratio of the doublet VEVs, lifting some
of the pressure on the perturbativity of couplings. We allow for a second neutral Higgs
boson, just below the sensitivity of both Tevatron and LHC, but consistent with the 2σ
bump at LEP in the 98-99 GeV region. We impose precision electroweak constraints on
the model, constraints on the masses of the singly and doubly charged Higgs masses, as
well as requirement that the production and decay rates we obtain reproduce the data from
ATLAS and CMS, within their errors. We scan the parameter space of the HTM4 model
under these restricted conditions and show that some regions of the parameter space, albeit
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restricted but still significant, survives. Couplings in the Higgs potential are limited to
small regions: λ has an allowed range between 0.34-0.375, µ has an approximate allowed
range between 0.94-1.07, and λ4, chosen to be negative, has an allowed range between
−0.9 and −0.1. The precise value for sinα, which ranges roughly between 0.85-0.93 from
the Higgs data at 3σ, is consistent with the other constraints. We find that mt′ can be
either larger or smaller than mb′ , and the parameter space for mb′ , mt′ in the 550-600 GeV
region is under less pressure than the one for mb′ , mt′ in the 600-750 GeV region. Our
analysis clearly shows that, when even after imposing all collider and electroweak precision
constraints, some regions of the parameter space survive, giving support to the hypothesis
that the fourth generation is ruled out in models with a single doublet Higgs only, and
survives when one adds a triplet Higgs field. We also find that a wide range of mass values
for the sequential fourth generation quarks (∼ 550− 750 GeV) is allowed by data provided
a very light (single- and double-) charged scalar spectrum with mass less than 210 GeV
exists. These mass ranges are well within the reach of the current LHC experiment and
would be a perfect testing ground to search for the complementary signals of the scalars
and fermions of HTM4 in the current data and future runs.
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VIII. APPENDIX
A. Higgs Decays in HTM4
In the HTM, in addition to the SM-like Higgs boson h, there are doubly-charged scalar
bosons H±±, singly-charged scalar bosons H±, one neutral CP-even scalar boson H and
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one CP-odd scalar A. Their decays are affected by the presence of the fourth generation.
Below we present the decays for the neutral CP-even Higgs bosons h and H , as these are
most likely to be candidates for the state at ∼ 125 GeV observed at the LHC.
1. Decay rates of h
In the limit v∆ → 0 the triplet Higgs decouples from the potential, and h is the SM-like
Higgs boson.
• Tree-level decay rates for h→ f f¯ , WW, WW ∗, ZZ, ZZ∗
The decay rates for h can be expressed as
Γ(h→ f f¯) = GF
mhm
2
f
4
√
2π
Nfc β
(
m2f
m2h
)3
cos2 α, (27)
Γ(h→ νν) = Γ(h→ νcν¯) + Γ(h→ ν¯cν) =
4∑
i,j=1
Sij |hij|2mh
4π
sin2 α, (28)
where β(x) =
√
1− 4x. The decay rate of the Higgs boson h decaying into the gauge boson
pair V V (V = W or Z) is given by
Γ(h→ V V ) = |κV (h)|
2m3h
128πm4V
δV
[
1− 4m
2
V
m2h
+
12m4V
m4h
]
β
(
m2V
m2h
)
(29)
where δW = 2 and δZ = 1, and where κV (h) are the couplings of the Higgs h with the vector
bosons:
κW (h) =
ig2
2
(vφ cosα + 2v∆ sinα) , (30)
κZ(h) =
ig2
2 cos2 θW
(vφ cosα + 4v∆ sinα) (31)
The decay rates for the three body decay modes are,
Γ(h→ V V ∗) = 3g
2
V |κV (h)|2mh
512π3m2V
δV ′F (
m2V
m2h
), (32)
where δW ′ = 1 and δZ′ =
7
12
− 10
9
sin2 θW +
40
27
sin4 θW , and the function F (x) is given as
F (x) = −|1− x|
(
47
2
x− 13
2
+
1
x
)
+ 3(1− 6x+ 4x2)| log√x|
+
3(1− 8x+ 20x2)√
4x− 1 arccos
(
3x− 1
2x3/2
)
. (33)
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Explicitly, inserting the couplings for the HTM4:
Γ(h→ W+W−) = g
4m3h
64πm4W
(vφ cosα + 2v∆ sinα)
2
(
1
4
− m
2
W
m2h
+
3m4W
m4h
)
β
(
m2W
m2h
)
, (34)
Γ(h→ ZZ) = g
4
Zm
3
h
128πm4Z
(vφ cosα + 4v∆ sinα)
2
(
1
4
− m
2
Z
m2h
+
3m4Z
m4h
)
β
(
m2Z
m2h
)
, (35)
Γ(h→WW ∗) = 3g
6mh
2048π3m2W
(vφ cosα + 2v∆ sinα)
2F
(
m2W
m2h
)
, (36)
Γ(h→ ZZ∗) = g
6
Zmh
8192π3m2Z
(vφ cosα+ 4v∆ sinα)
2
×
(
7− 40
3
sin2 θW +
160
9
sin4 θW
)
F
(
m2Z
m2h
)
, (37)
• Loop-induced decay rates for h→ γγ, gg
Γ(h→ γγ) = GFα
2m3h
128
√
2π3
∣∣∣∣∑
f
Nfc Q
2
fghffA
h
1/2(τf) + ghWWA
h
1(τW )
+ghH±H∓A
h
0(τH±) + 4ghH±±H∓∓A
h
0(τH±±)
∣∣∣∣
2
. (38)
Here α is the fine-structure constant, Nc(= 3) is the number of quark colors, Qf is the
electric charge of the fermion in the loop, and τi = m
2
h/4m
2
i (i = f,W,H
±, H±±). The loop
functions A1 (for the W boson) and A1/2 (for the fermions, f) are
Ah1/2(τ) = 2 [τ + (τ − 1)f(τ)] τ−2, (39)
Ah1(τ) = −
[
2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2, (40)
For the contribution from the fermion loops we will only keep the term with the t, b′ and
t′ quarks, which are dominant. The loop function for H±± and H± is given by:
Ah0(τ) = −[τ − f(τ)] τ−2 , (41)
and the function f(τ) is given by
f(τ) =


arcsin2
√
τ τ ≤ 1
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
τ > 1 .
(42)
Note that the contribution from the loop with H±± in Eq. 38 is enhanced relative to the
contribution from H± by a factor of four at the amplitude level. The couplings of h to the
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vector bosons and fermions relative to the values in the SM are as follows:
ghff¯ ≡ ghtt,hb′b′,ht′t′ = cosα/ cosβ± , (43)
ghWW = cosα + 2 sinαv∆/vΦ , (44)
ghZZ = cosα + 4 sinαv∆/vΦ . (45)
The scalar trilinear couplings are parametrized as follows [36]:
ghH++H−− =
mW
gm2H±±
{2λ2v∆ sinα + λ1vΦ cosα} (46)
ghH+H− =
mW
2gm2H±
{[
4v∆(λ2 + λ3) cos
2 β± + 2v∆λ1 sin
2 β± −
√
2λ4vΦ cos β± sin β±
]
sinα
+
[
λ vΦ sin β±
2 + (2λ1 + λ4)vΦ cos
2 β± + (4µ−
√
2λ4v∆) cosβ± sin β±
]
cosα
}
.(47)
The loop induced decay process h→ gg can be expressed by
Γ(h→ gg) = GFα
2
sm
3
h
64
√
2π3
cos2 α|
4∑
q=1
Ah1/2(τq)|2, (48)
where the loop functions are given by Eq. 39, with f(τ) given by Eq. 55.
Finally, the loop induced decay process h→ Zγ is
Γ(h→ Zγ) = GFα
2
emm
3
h
64π4
(
1− m
2
Z
m2h
)3 ∣∣∣∑
f
N cfQfghff¯A
h
1/2(τ
−1
f , λ
−1
f ) + ghWWA
h
1(τ
−1
W , λ
−1
W )
+ (ghH+H−)(gZH+H−)A
h
0(τ
−1
H+ , λ
−1
H+) + (ghH++H−−)(gZH++H−−)A
h
0(τ
−1
H++ , λ
−1
H++)
∣∣∣2,
(49)
with τi =
m2h
4m2i
, λi =
m2Z
4m2i
, and where the loop functions are given by
Ah1/2(τ
−1, λ−1) =
2
cos θW
(I3f − 2Qf sin2 θW )
[
I1(τ
−1, λ−1)− I2(τ−1, λ−1)
]
, (50)
Ah1(τ
−1, λ−1) = cos θW
{
4
(
3− tan2 θW
)
I2(τ
−1, λ−1)
+
[
(1 + 2τ) tan2 θW − (5 + 2τ)
]
I1(τ
−1, λ−1)
}
, (51)
Ah0(τ
−1
Hc , λ
−1
Hc) = I1(τ
−1
Hc , λ
−1
Hc), c = +,++ (52)
I1(τ
−1, λ−1) = − 1
2(τ − λ) +
1
2(τ − λ)2 [f(τ)− f(λ)]
+
λ
(τ − λ)2 [g(τ)− g(λ)] (53)
I2(τ
−1, λ−1) =
1
2(τ − λ) [f(τ)− f(λ)] (54)
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In the equations above,
f(τ) =
{ [arcsin(√τ )]2 , if τ ≤ 1,
−1
4
[
ln
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
, if τ > 1
. (55)
and
g(τ−1) =
{ √
τ − 1
[
arcsin(
√
1
τ
)
]
, if τ > 1,√
1− τ
2
[
ln
1 +
√
1− τ
1−√1− τ − iπ
]
, if τ ≤ 1
. (56)
and the couplings between the charged Higgs bosons and the Z are:
gZH+H− =
2
sin 2θW
v2∆ cos 2θW − v2φ sin θ2W
v2φ + 2v
2
∆
(57)
gZH++H−− =
2 cos 2θW
sin 2θW
(58)
2. Decay rates of H
In the limit in which α → 0, the H Higgs boson is mostly triplet-like, thus this is the
non SM-like boson. The decays of H can be obtained from the corresponding formulas for
h, with the substitution cosα→ − sinα, sinα→ cosα.
B. Constraints on the Higgs Potential
These have been thoroughly analyzed in [36], and we summarize their results briefly.
Positivity requirement in the singly and doubly charged Higgs mass sectors, and choosing
v∆ > 0, require:
µ > 0 (59)
µ >
λ4v∆
2
√
2
(60)
µ >
λ4v∆√
2
+
√
2
λ3v
3
∆
v2Φ
(61)
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while for the requirement that the potential is bounded from below the complete set of
conditions are:
λ > 0 & λ2 + λ3 > 0 & λ2 +
λ3
2
> 0 (62)
& λ1 +
√
λ(λ2 + λ3) > 0 & λ1 +
√
λ(λ2 +
λ3
2
) > 0 (63)
& λ1 + λ4 +
√
λ(λ2 + λ3) > 0 & λ1 + λ4 +
√
λ(λ2 +
λ3
2
) > 0 (64)
Of these, the last expression in Eq. (64) would restrict possible enhancements in the
h, H → γγ decay.
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